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ABSTRACT
We developed a simple, physical and self-consistent cloud model for brown dwarfs and young giant
exoplanets. We compared different parametrisations for the cloud particle size, by either fixing particle
radii, or fixing the mixing efficiency (parameter fsed) or estimating particle radii from simple micro-
physics. The cloud scheme with simple microphysics appears as the best parametrisation by successfully
reproducing the observed photometry and spectra of brown dwarfs and young giant exoplanets. In
particular, it reproduces the L-T transition, due to the condensation of silicate and iron clouds below
the visible/near-IR photosphere. It also reproduces the reddening observed for low-gravity objects, due
to an increase of cloud optical depth for low gravity. In addition, we found that the cloud greenhouse
effect shifts chemical equilibriums, increasing the abundances of species stable at high temperature. This
effect should significantly contribute to the strong variation of methane abundance at the L-T transition
and to the methane depletion observed on young exoplanets. Finally, we predict the existence of a
continuum of brown dwarfs and exoplanets for absolute J magnitude=15-18 and J-K color=0-3, due to
the evolution of the L-T transition with gravity. This self-consistent model therefore provides a general
framework to understand the effects of clouds and appears well-suited for atmospheric retrievals.
Subject headings: Brown dwarfs, directly imaged exoplanets, clouds
1. Introduction
More than 40 planetary mass companions have
been detected by direct imaging, which is currently
limited to young and warm giant exoplanets. The
latest generation of exoplanet imagers, instruments
SPHERE (Beuzit et al. 2008) and GPI (Macintosh
et al. 2014), allows us to detect and characterize
fainter objects than previously, such as 51 Eri b
(Macintosh et al. 2015; Samland et al. 2017) and
HIP65426b (Chauvin et al. 2017). This technique can
provide disk-averaged emission spectra of exoplanets,
giving information about the composition and ther-
mal structure of their atmospheres, and about the
formation and evolution of planetary systems. The
study of brown dwarfs is of high interest to understand
the properties of young giant exoplanets. Firstly, the
physics and chemistry occurring in their atmospheres
is expected to be very similar, the main difference be-
ing the surface gravity (typically log(g)∼5 for brown
dwarfs and log(g)∼3.5-4 for exoplanets, with g in cm
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s−2). Secondly, detected brown dwarfs cover a wide
range of effective temperature (300-2500 K). Finally,
high quality spectra of isolated brown dwarfs have
been obtained, and many brown dwarfs have been ob-
served, providing statistical information about their
atmospheres.
As brown dwarfs cool, emission spectra and colors
evolve. A strong transition, named the L-T transi-
tion, occurs for effective temperatures of 1100-1400
K. Late-L dwarfs appear red in color-magnitude di-
agram, with CO absorption in spectra, while early-
T dwarfs appear much bluer with stronger CH4 fea-
tures in spectra (see reviews by Kirkpatrick (2005)
and Cushing (2014)). The chemical change is at-
tributed to the cooling of the atmosphere, shifting
the CO-CH4 chemical equilibrium. The favoured hy-
pothesis to explain the L-T transition is linked to the
formation of iron and silicate clouds in the photo-
sphere of L dwarfs, making them redder and closer
to a blackbody emission in color-magnitude diagram
(Tsuji et al. 1996; Allard et al. 2001; Ackerman &
Marley 2001; Burrows et al. 2006). Figure 1 shows
a color-magnitude diagram in J-K bands with color
curves from a cloud-free model (Exo-REM, detailed
en section 2) and from a blackbody. For colder ob-
jects like T dwarfs, clouds are believed to form deeper
in the atmosphere and pass below the photosphere.
Figure 2 illustrates this effect by showing temperature
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profiles obtained with the model Exo-REM, without
cloud and for different effective temperatures. The L-
T transition could be strengthened by the formation
of holes in the cloud cover (Burgasser et al. 2002; Mar-
ley et al. 2010). The presence of clouds is also sug-
gested by the temporal variability of brown dwarfs,
particularly at the L-T transition (Apai et al. 2013;
Crossfield et al. 2014; Yang et al. 2016; Biller 2017).
T dwarfs and Y dwarfs appear slightly redder than
what is expected for cloud-free objects. This redden-
ing could be due to other condensates such as sulfide,
alkali salt and water clouds forming at lower temper-
atures (Morley et al. 2012, 2014).
Exoplanets discovered by direct imaging seem to
have colors quite similar to field brown dwarfs, and so
seem to have spectra shaped by clouds. The forma-
tion of clouds on young giant exoplanets is not sur-
prising, since clouds and hazes are present in every
Solar System atmosphere. Moreover, transit spectra
and visible light curves provide strong indications for
the presence of clouds and hazes on highly irradiated
exoplanets (Demory et al. 2013; Sing et al. 2016).
However, most young giant exoplanets seem to oc-
cupy a slightly distinct space compared to field brown
dwarfs in color-magnitude diagrams. They generally
appear redder than brown dwarfs of similar effective
temperature. It is particularly remarkable for HR8799
bcde (Marois et al. 2010), 2M1207b (Chauvin et al.
2004) and VHS1256b (Gauza et al. 2015) which are
shifted toward bottom right of the MJ J-K diagram
compared to late-L dwarfs (see Figure 1). A similar
reddening is observed for isolated young brown dwarfs
(Gagne´ et al. (2015); Faherty et al. (2016); Liu et al.
(2016), and see Figure 1). It seems that there is a
strong reddening and a delayed (i.e. happening at
lower temperature) L-T transition for low-gravity ob-
jects, as if they were more cloudy. The delayed L-T
transition could be explained by the effect of gravity
on the thermal structure (Marley et al. 2012). If grav-
ity decreases, the temperature in the deep atmosphere
increases and the passage of the cloud condensation
level below the photosphere occurs for a lower effec-
tive temperature (see temperature profiles in Figure
3). The reddening for low-gravity objects is not well
understood. It could suggest that the cloud settling
is less efficient for low gravity, leading to optically
thicker clouds (Madhusudhan et al. 2011).
Previous modelling studies of clouds in the atmo-
spheres of brown dwarfs and young giant exoplanets
are mostly based on 1D radiative-convective models.
Up to now, there are two main classes of cloud models.
The first class corresponds to sophisticated models
computing cloud self-consistently with microphysics.
These include:
• Drift-Phoenix (Helling et al. 2008), which in-
cludes a full microphysics scheme with cloud
formation on TiO2-seed for 11 solids from 60
chemical reactions.
• BT-Settl (Allard et al. 2012), which includes
40 condensable species whose particle size
are computed by comparing the characteristic
timescales of condensation, sedimentation and
mixing.
The second class corresponds to parametric cloud
models which do not include microphysics and use
fixed parameters to describe the cloud particle distri-
bution such as:
• The model by Tsuji (2002), which includes
corundum, iron and silicate clouds, fixing par-
ticle sizes and with clouds forming with no sed-
imentation from the condensation level to the
top of the photosphere.
• The model by Ackerman & Marley (2001), with
following updates by Marley et al. (2010); Mor-
ley et al. (2012, 2014), which includes iron, sil-
icate, sulfide, salt and water clouds and deter-
mines cloud distribution and particles radii as-
suming a fixed value of the ratio fsed of sedi-
mentation velocity by vertical mixing velocity.
• The model by Burrows et al. (2006) and Mad-
husudhan et al. (2011), which includes iron and
silicate clouds, fixing particle sizes and the cloud
profile with 3 free parameters.
All these models have difficulties to produce a
sharp L-T transition and the reddening for low-gravity
objects. Alternatively, cloud-free models have been
developed to explain the L-T transition, photome-
try and spectra of brown dwarfs assuming changes in
the temperature gradients caused by fingering convec-
tion and thermochemical instabilities of CO/CH4 and
N2/NH3 (Tremblin et al. 2015, 2016, 2017). However,
in these models, the atmosphere has to be quasi-
isothermal in the fingering convective part, what
is quite drastic and has not been demonstrated by
2D/3D simulations yet. Moreover, it is difficult to
argue for no cloud effect on the spectra of brown
dwarfs and exoplanets, as discussed before (e.g. the
clear detection of clouds on irradiated exoplanets). It
is also possible that fingering convection and cloud
formation occur in parallel.
In this paper, we present a new self-consistent cloud
model able to reproduce and to explain the photome-
try and spectra of brown dwarfs and giant exoplanets.
We wanted to avoid a complex cloud model with full
microphysics, because they are difficult to interpret,
they may be based on many unknown parameters and
they are not always efficient for atmospheric charac-
terization because of the absence of free parameters
for clouds. We favoured instead a simple model but
capturing the dominant physical processes and with
the minimum number of free parameters. In section
2, we describe the model and different hypotheses for
cloud particle size. In section 3, we describe the re-
2
sults of the cloud model and compare it to the ob-
served photometry and spectra of brown dwarfs and
exoplanets. Finally, we discuss implications and per-
spectives for future work in section 4 and 5.
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Fig. 1.— Color-magnitude diagram of M, L and T
dwarfs with J-K colors plotted against the absolute
J magnitude (MKO). M dwarfs are plotted as black
dots, L dwarfs as red dots, T dwarfs as blue dots, low-
gravity brown dwarfs as purple squares and directly
imaged substellar companions as green dots. The blue
solid line was computed with spectra from Exo-REM
assuming no cloud, log(g)=4, with Teff evolving from
400 to 2000 K and with object radii from the Ames-
Dusty evolution model. The black solid line was com-
puted assuming a blackbody for the spectrum. Data
for M, L, T field dwarfs are from Dupuy & Liu (2012).
Data for low-gravity brown dwarfs (VL-G objects) are
from Liu et al. (2016) and data for substellar com-
panions are from Rajan et al. (2017); Kuzuhara et al.
(2013); Zurlo et al. (2016); Currie et al. (2013); Mo-
hanty et al. (2007); Naud et al. (2014); Carson et al.
(2013); Chauvin et al. (2017); Delorme et al. (2017);
Konopacky et al. (2016).
2. Methods
2.1. Radiative-convective equilibrium model:
Exo-REM
Exo-REM is a 1-D radiative-equilibrium model, de-
veloped to simulate the atmospheres and spectra of
young giant exoplanets (Baudino et al. 2015, 2017).
Exo-REM solves for radiative-convective equilibrium,
assuming that the net flux (radiative+convective) is
conservative and neglecting stellar heating, which is
verified for the long orbit exoplanets that were imaged
nowadays. The basic input parameters of the model
are the effective temperature of the planet, the accel-
eration of gravity at 1 bar and the elemental abun-
dances. Conservation of flux over the grid (64 pres-
sure levels) is solved iteratively using a constrained
linear inversion method. Sources of opacity include
the H2-H2 and H2-He collision-induced absorption, ro-
vibrational bands from 8 molecules (H2O, CH4, CO,
CO2, NH3, PH3, TiO and VO) and resonant lines
from Na and K (see Baudino et al. 2015, 2017 for
references). For VO, we used a more recent linelist
from McKemmish et al. (2016), which is available in
the ExoMol database (http://exomol.com/). Molec-
ular and atom line absorption is represented through
a k-correlated distribution method and the net fluxes
are calculated from 0.625 to 500 µm. The truncation
at 0.625 µm is a limitation for high temperatures but
it should be acceptable for objects with Teff 6 1700
K. The vertical profiles of the different molecules and
atoms are calculated for a given temperature profile
either assuming thermochemical equilibrium or allow-
ing for some non-equilibrium chemistry between C-,
O- and N- bearing compounds. For the latter case, we
use an analytical formulation based on a comparison
of chemical time constants with vertical mixing time
from Zahnle & Marley (2014). For this calculation,
vertical mixing is parametrized by an eddy mixing
coefficient Kzz (see next section). Chemical gas abun-
dances are modified accordingly when condensates
form. Figure 19 in the Appendix shows abundance
profiles assuming equilibrium (dashed lines) or non-
equilibrium (solid lines) chemistry. By default, simu-
lations are performed with non-equilibrium chemistry.
The first version of Exo-REM only treated absorp-
tion of iron and silicate particles, fixing the cloud ver-
tical profile as in Burrows et al. (2006) and with a sin-
gle free parameter, which is the optical depth at some
wavelength. We have upgraded the model by account-
ing for both absorption and scattering of thermal ra-
diation by clouds. Fluxes are computed using the two-
stream approximation assuming the hemispheric clo-
sure, as suggested for exoplanets by Heng et al. (2014),
using an average cosine of the zenith angle equal to
2/3 for the upward flux and -2/3 for the downward
flux. For non-cloudy atmospheres, we obtain almost
identical results between this version of Exo-REM and
the previous one, for which fluxes were properly inte-
grated over all zenithal angles. The model is essen-
tially valid for planets and brown dwarfs with effective
temperatures between 300 and 1700 K. The limita-
tion at ∼1700 K is due to the truncation at 0.625 µm
and to the lack of some condensates (e.g. Al2O3) and
other absorbing species (FeH, ions,...) forming at high
temperatures.
2.2. Cloud scheme
2.2.1. Cloud condensation chemistry and optical
properties
Iron and silicate clouds are supposed to strongly
affect the colors and spectra of L brown dwarfs (Mar-
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Fig. 2.— Temperature profiles and cloud condensation curves. For both panels, black curves are temperature
profiles calculated with Exo-REM without cloud. Red curves represent the convective region and yellow curves
represent the photosphere (region where most of the thermal emission comes from) computed for wavelengths from
0.625 to 5 µm. Dashed curves are condensation temperature curves for Fe, Mg2SiO4, Na2S and KCl clouds assuming
solar atmospheric metallicity. The left panel shows temperature profiles for log(g)=4 and Teff=700, 900, 1300 and
1600 K (from left to right). The right panel shows temperature profiles for the same effective temperatures and
log(g)=5.
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Fig. 3.— Temperature profiles as in Figure 2 but with
Teff=1300 K and log(g)=3, 4 and 5 (from top to
bottom).
ley et al. 2010). Sulfide and alkali salt (Cr, MnS,
Na2S, ZnS, and KCl) clouds may play a significant role
for T dwarfs (Morley et al. 2012), while water clouds
should be the dominant condensate on Y dwarfs (Mor-
ley et al. 2014). Our model includes the formation of
iron, silicate, Na2S, KCl and water clouds. We did
not include all sulfide and salt condensates for simplic-
ity and because Na2S is expected to be the dominant
one for T dwarfs (Morley et al. 2012). For simulating
cloud condensation, we used saturation vapour pres-
sures and abundances of condensate-forming species
from Visscher et al. (2006), Visscher et al. (2010) and
Morley et al. (2012) (see also Appendix A). We com-
puted optical properties (extinction coefficient, sin-
gle scattering albedo and assymetry factor) assuming
spherical particles following a log-normal size distri-
bution with an effective variance of 0.3. We com-
puted these values for a grid of wavelengths and mean
particle radii (from 0.1 to 100 µm), using optical in-
dexes from Baudino et al. (2015), Morley et al. (2012)
and Querry (1987). In Exo-REM, optical properties
are interpolated from these precomputed tables for a
given wavelength and particle radius.
2.2.2. Vertical mixing and sedimentation
At equilibrium, the downward flux of falling cloud
particles is balanced by the upward flux of cloud par-
ticles and vapour due to advection and turbulent mix-
ing. This balance can be simply expressed as (Acker-
man & Marley 2001):
∂qc
∂z
= −∂qv
∂z
− vsed
Kzz
qc (1)
where qc is the mass mixing ratio of a conden-
sate, qv is the mass mixing ratio of vapour, vsed is
the sedimentation velocity of cloud particles and Kzz
is the eddy diffusion coefficient representing the ver-
tical mixing due to convection, waves or turbulence.
We make the assumption that the supersaturation is
weak. In that case, qv=qs above the cloud conden-
sation level, where qs is mass mixing ratio of vapour
at saturation (qs=psat/p where p is the pressure and
psat is the saturation vapour pressure).
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The mass mixing ratio of condensate at a level n+1
(qc(zn+1)) can be expressed by solving equation (1)
analytically with the method of variation of parame-
ters:
qc(zn+1) = exp
(
−
∫ zn+1
zn
vsed(z)
Kzz(z)
dz
)
×
[
qc(zn)−
∫ zn+1
zn
∂qs(z)
∂z
exp
(∫ z
zn
vsed(z
′)
Kzz(z′)
dz′
)
dz
]
(2)
This analytical expression provides a high numer-
ical stability and accuracy for the integration. The
mixing ratio at level zn+1 is thus the sum of term A
corresponding to the advection of cloud particles from
level zn:
A = exp
(
−
∫ zn+1
zn
vsed(z)
Kzz(z)
dz
)
qc(zn) (3)
and term B corresponding to the condensation be-
tween levels zn and zn+1:
B = −exp
(
−
∫ zn+1
zn
vsed(z)
Kzz(z)
dz
)
×
∫ zn+1
zn
∂qs(z)
∂z
exp
(∫ z
zn
vsed(z
′)
Kzz(z′)
dz′
)
dz
(4)
We computed the sedimentation of particles assum-
ing that they fall at the terminal velocity given by
Fuchs (1964) and Rossow (1978):
vsed =
2βr2g(ρp − ρa)
9η
(5)
valid for low Reynolds numbers, and where r is the
particle radius, g is the gravitational acceleration,
ρp is the particle density, ρa is the atmosphere den-
sity, η is the viscosity of the atmospheric gas and β
is the Cunnigham slip factor, which describes non-
continuum effects. An experimental expression of the
Cunnigham slip factor is (Rossow 1978):
β = 1 +
4
3
Kn (6)
where Kn is the Knudsen number, equal to the
ratio of the mean free path λ to the particle radius:
Kn =
λ
r
=
kBT√
2pid2
1
pr
(7)
with kB the Boltzmann constant, T the tempera-
ture and d the gas molecular diameter.
For the eddy mixing coefficient, we used a formula
from Gierasch & Conrath (1985) and Ackerman &
Marley (2001), based on the mixing length theory:
Kzz =
H
3
(
L
H
)4/3(
RFconv
µρacp
)1/3
(8)
where H is the atmospheric height scale, L is the
mixing length, R is the universal gas constant, µ is
the mean molecular weight, cp is the specific heat and
Fconv is the convective heat flux. The factor 1/3 on
the left is arbitrary, used to match observations of
giant planets. We assumed that the mixing length
is equal to H, even if it is generally expected to be
smaller. Contrary to Ackerman & Marley (2001) who
fixed Fconv = σT
4
eff for simplicity, we used the convec-
tive flux derived by Exo-REM in convective regions.
Outside convective region, the convective heat flux is
null, however there is still mixing produced by grav-
ity waves, whose amplitude grows with altitude. Ac-
cording to 2D simulations of brown dwarfs by Freytag
et al. (2010), the vertical mixing and vertical winds
fall by 1-2 orders of magnitude above the convective
region. We parametrize Kzz in radiative regions us-
ing formula (9) with Fconv = 10
−6σT 4eff and assum-
ing overshooting as described in Ludwig et al. (2002);
Ludwig (2003) and Helling et al. (2008). With this
parametrization, Kzz decreases by a factor of ∼50
above the convective region and increases above with
altitude (approximately ∝ P−1/3, see Figure 4). For
effective temperatures lower than 900 K, our model
predicts the formation of a second convective layer at
1-10 bar, also noticed by Morley et al. (2012). Con-
vection also appears at 10−2 − 10−3 bar for low tem-
perature but has limited impact on the results here.
The magnitude and vertical evolution of Kzz with our
parametrization seems compatible with the 2D simu-
lations by Freytag et al. (2010).
2.2.3. Hypotheses for computing cloud radii
We assumed that cloud particles follow a log-
normal size distribution with a constant effective vari-
ance νeff=0.3. The effective radius reff (i.e. the area
weighted radius of the particle distribution) is slightly
lower than the sedimentation radius rsed, which is
the equivalent radius of mass-weighted sedimenta-
tion flux. The effective radius and the sedimentation
radius are linked together by (Ackerman & Marley
2001):
reff = rsed exp
(
−α+ 1
2
ln(1 + νeff )
)
(9)
where α represents the exponent of the radius de-
pendence of vsed. α should vary between 1 and 2. For
simplicity, we use an average value α=1.4, as Acker-
man & Marley (2001). The error for the calculation
of reff is lower than 7%.
For computing the mass mixing ratio (equation 2),
we need to make assumptions about the sedimentation
radii of cloud particles. We included three options for
computing cloud particles radii: 1) fixing the radii, 2)
fixing the ratio of sedimentation velocity by vertical
mixing velocity (parameter fsed), 3) computing the
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Fig. 4.— Kzz profiles derived from our parametriza-
tion for Teff=700, 900, 1300 and 1600 K and
log(g)=4 (top) and log(g)=5 (bottom).
radii with simple microphysics by comparing charac-
teristic timescales.
1) Fixed radii
The simplest possibility is to fix cloud particle radii
as a free parameter. In that case, we consider that
all particles form with the same size, which does not
evolve. This assumption represents a quite realistic
description of the vertical distribution of cloud above
the condensation region. However, there is no indica-
tion about the cloud particle size, which could depend
on many parameters such as the kind of condensate,
the temperature, the pressure, the gravity and the at-
mospheric metallicity.
2) Fixed fsed
Ackerman & Marley (2001) proposed that the verti-
cal distribution of cloud particles is qualitatively well
represented by fixing the ratio of the particle sedi-
mentation velocity by the characteristic vertical mix-
ing velocity. This ratio is defined by parameter fsed
as: fsed =
vsed
w∗ , where w
∗ = KzzH and vsed is given by
equation (5). This parametrization assumed that at
each vertical level, the size of particles evolves so that
the characteristic timescale of mixing (τmixing =
H
w∗ )
is similar to the characteristic timescale of sedimen-
tation (τsed =
H
vsed
). The two extreme values for
fsed are fsed=0, which would correspond to clouds
with no sedimentation as in AMES-Dusty (Chabrier
et al. 2000), and fsed=+∞, which would correspond
to clouds removed instantaneously by sedimentation
as in AMES-Cond (Allard et al. 2001). fsed generally
is ∼ 1-5 for clouds in the solar system, and photome-
try of brown dwarfs can be reproduced with fsed ∼ 3
(Ackerman & Marley 2001; Marley et al. 2010).
By assuming a fixed fsed, the cloud vertical dis-
tribution can easily be computed from equation (2).
In particular, in a cloud layer where condensation is
negligible compared to vertical mixing (i.e. B  A
in equations 3 and 4, what is generally the case for
one atmospheric scale height above condensation), the
cloud mixing ratio simply evolves as qc ∝ pfsed (see
Figure 5). Cloud particle sedimentation radii are di-
rectly computed from formula (5-8):
rsed =
2
3
× λ
(√
1 + 10.125
ηw∗fsed
g(ρp − ρa)λ2 − 1
)
(10)
This parametrization with fixed fsed is widely used
in the brown dwarf and exoplanet modeling commu-
nity. It represents a simple and efficient way of com-
puting cloud distribution with quite realistic parti-
cle sizes and with only one free parameter. How-
ever, this parametrization assumes that cloud parti-
cles radii change as a function of altitude to maintain
a constant efficiency of vertical mixing. The cloud
mass mixing ratio profile is in that case completely
independent of the vertical mixing. When condensa-
tion is negligible (almost no new particles are formed),
there is no physical reason for such an efficient evo-
lution of cloud particle radii. In particular, that may
lead to an overestimation of cloud mass mixing ratio
and optical thickness when Kzz decreases with alti-
tude, like above the convective region.
3) Simple microphysics
Cloud microphysics is a complex research area that
still lacks a global understanding, and information
about clouds in brown dwarf and exoplanets is very
limited. It is therefore preferable to limit at maximum
the level of complexity in a cloud microphysics model
for such objects. Rossow (1978) developed a sim-
ple method for deducing the dominant processes con-
trolling cloud microphysics in planetary atmospheres
and for estimating the radii of cloud particles. This
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Fig. 5.— Evolution with pressure of condensate mix-
ing ratio (top panel) and cloud particle radii (bot-
tom panel) for iron clouds, with Teff=1300 K and
log(g)=5, for fsed=1-5.
method is based on the comparison of the timescales
of the main physical processes involved in the forma-
tion and growth of cloud particles. Processes hav-
ing the shortest timescales are supposed to dominate,
driving the particle size, while processes with longer
timescales are neglected. In this approach, the mean
particle size in steady state is obtained by equalizing
the timescale of the dominant particle growth process
with the timescale of the dominant particle removal
process. This method succeeds in reproducing par-
ticle size and density for water clouds on Earth and
Mars, sulphuric clouds on Venus and ammonia icy
clouds on Jupiter (Rossow 1978). We implemented
it in our cloud model, considering only condensation
growth, coalescence, vertical mixing and sedimenta-
tion as physical processes driving the distribution of
cloud particles. Growth by coagulation is an impor-
tant process for high altitude aerosols, as sulphuric
clouds on Venus and organic haze on Titan. We
found that coagulation should be negligible compared
to condensation for the conditions considered here.
Cloud formation starts by the formation of stable
cloud embryos by nucleation. These cloud embryos
are small condensate particles whose size exceeds a
critical value allowing growth by condensation. Het-
erogeneous nucleation generally is the most efficient
nucleation process for planetary atmospheres (Rossow
1978) and is expected to control cloud formation on
brown dwarfs (Helling & Woitke 2006). Embryos pro-
duced by heterogeneous nucleation form on the sur-
face of various small aerosols, called cloud condensa-
tion nuclei (CCN), which decrease the level of super-
saturation required for nucleation. For a brown dwarf
or a giant exoplanet, these CCN could be microme-
teorits or small particles produced by homogeneous
or chemical nucleation, as for instance TiO2 particles
(Helling & Woitke 2006). Heterogeneous nucleation is
a very fast process, much faster than the subsequent
growth phase. Once nucleation is finished, the par-
ticle number density becomes relatively constant and
particles grow by condensation with a characteristic
timescale τcond =
(
1
r
dr
dt
)−1
given by (Rossow 1978):
τcond =

r2ρp
2γηqsS
for Kn  1
2rρpρa
3γqsS
1√
2kT/pim
for Kn  1
 (11)
where Kn is given by equation (7), γ is a con-
stant taken equal to 2 (i.e. the value for water clouds
on Earth), m is the atmospheric molecular mass and
S = qv−qsqs is the supersaturation. As Rossow (1978),
we assumed that the supersaturation is constant in
the cloud. We used it as a free parameter with
S = 10−2±1, the range of water nucleation in Earth’s
atmosphere. In the cloud forming region, the conden-
sation growth timescale is generally proportional to
r2 (Kn  1). The time for a cloud embryo having
an arbitrary size to grow up to a radius r is approxi-
mately τcond. The growth is then limited by removal
of particles by sedimentation or vertical mixing. We
consider that it is stopped once τcond equal the min-
imum value between the mixing timescale (τmixing)
and the sedimentation timescale (τsed), given by:
τmixing =
H2
Kzz
(12)
and:
τsed =
H
vsed
(13)
This equilibrium between particle growth and re-
moval fixes the size of particles (rcond). Since small
particles grow very fast, the final size distribution
7
should be quite narrow and insensitive to the initial
size distribution. This allows us to only use one radius
to describe the size distribution, which is assumed to
follow the log-normal distribution given in paragraph
2.2.3. We also assume that particle effective radii can-
not be lower than 0.1 µm and larger than 100 µm,
which are the limits of our grid of cloud optical prop-
erties.
A particle larger than the others would fall faster
and can grow during its descent by collecting the
smaller particles. This process, called gravitational
coalescence, may efficiently limit the mean size of par-
ticles by quickly removing particles larger than a cer-
tain size. The characteristic timescale of coalescence
is (Boucher et al. 1995; Rossow 1978):
τcoal =
4rρp
3vsedρaqc
(14)
However this process is supposed to be efficient
only for liquid or icy particles, which have a high stick-
ing efficiency, and only in the deep atmosphere. It
should not occur for silicate, sulfide and salt clouds.
We therefore limit coalescence to water and liquid iron
clouds. τcoal is generally proportional to 1/r and de-
creases more slowly than τsed. It is therefore dominant
in the deep atmosphere for small particles. When co-
alescence is efficient (τcoal < τsed and τcoal < τmixing)
, we fix the radius of particles with τcond = τcoal and
modify the sedimentation velocity used in equation
(2) as v′sed = vsed(1 + τsed/τcoal) to take into account
the removal of particles by coalescence.
The comparison of these different timescales pro-
vides the size of new particles formed at a given level.
However, some particles are also transported from
below, leading to several particle populations. For
simplicity, we assumed that vapour exceeding satura-
tion only condenses to produce new particles rather
than making grow the already formed particles com-
ing from adjacent levels. We also assumed that there
is only one particle population at each level and we
fix the mean size in order that the sedimentation mass
flux of this particle population is equal to the sum of
sedimentation mass fluxes from new condensed par-
ticle and advected particles. Therefore, we compute
the mean radius r(zn+1) at level n+1, verifying:
qc(zn+1)× vsed(r(zn+1)) = A× vsed(r(zn))
+B × vsed(rcond(zn+1))
(15)
where the first term in the left hand is the sedi-
mentation mass flux at level n+1, the first term in
the right hand is the sedimentation mass flux of par-
ticles advected from level n and the second term rep-
resents the sedimentation mass flux of particles con-
densed at level n+1. Our simplified approach allows
us to properly simulate cases where advection or con-
densation dominates. In fact, such situations occur in
most of the atmosphere because saturation pressures
vary quickly with altitude.
Figure 6 shows the characteristic timescales of con-
densation growth, coalescence, vertical mixing and
sedimentation as a function of radius at the bot-
tom of iron cloud (p=10 bars) for Teff=1300 K and
log(g)=5. At this pressure and with S = 10−2, coales-
cence limits particle growth to around 5 µm. With-
out coalescence, particle growth would be limited to
around 8 µm. In the case with coalescence, particle
size is quite close to the one obtained by fixing fsed ∼
3 (fsed=3 corresponds to
τmixing
τsed
= 3).
Figure 7 shows the evolution of timescales (left
panel) and cloud radius (right panel) with altitude
for the same example. Condensation growth is first
limited by coalescence. It is after limited by verti-
cal mixing for pressures lower than 4 bar down to
3×10−3 bar. Cloud particle size (blue curve in the
right panel) initially corresponds to the size of new
condensed particles (purple line). Progressively, ad-
vection dominates over condensation (i.e. qc  qs)
and the particle radius evolves much less than the
condensation radius. It becomes constant for pressure
lower than 4 bars where advection dominates and the
condensation radius reaches our limit value.
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Fig. 6.— Characteristic timescales for condensation
growth (red), sedimentation (black), vertical mixing
(blue) and coalescence (purple) as a function of par-
ticle radius. Timescales were computed for iron at
the condensation level (∼10 bars) for Teff=1300 K
and log(g)=5. The condensation growth timescale
was computed with a supersaturation S=0.01 (solid
line) and S=0.001 (dashed line).
Finally, this model with simple microphysics is in-
termediate between the first two options (fixed radius
and fixed fsed). It computes cloud particle radii that
are not arbitrarily fixed but estimated with physical
arguments, and particle radii evolve with altitude only
when condensation is not negligible.
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Fig. 7.— Evolution with pressure of characteristic timescales, cloud particle radii and condensate mixing ratio
for iron clouds, for Teff=1300 K and log(g)=5. The left panel shows the timescales of vertical mixing (blue),
sedimentation (green) and coalescence (purple). The right panel shows the evolution of the mean radius (blue, in
m), the radius of new condensed particles (purple, in m), the mass mixing ratio of condensate (red, in kg/kg) and
vapour (yellow, in kg/kg).
3. Results
3.1. Effects of clouds on temperature profiles,
atmospheric composition and spectra
3.1.1. Temperature profiles
Figure 8 shows the effect of clouds on temperature
profiles, using Exo-REM with the simple cloud mi-
crophysics. Simulations were performed for a brown
dwarf with log(g)=5 and Teff=700, 900, 1300 and
1600 K. For Teff=900, 1300 and 1600 K, we only in-
cluded Fe and Mg2SiO4 clouds. For Teff=700 K, we
also included Na2S and KCl clouds. For Teff=1300
and Teff=1600 K, iron and silicate clouds produce
a strong warming (∼200 K), which is visible for all
pressures higher than 10−3 bar. This warming is due
to the greenhouse effect of clouds (absorption and
backscattering) and is maximum close to the conden-
sation level. For Teff=900 K, iron and silicate clouds
condense below the photosphere and have almost no
effect on the thermal structure. For Teff=700 K,
Na2S and KCl clouds condense in the photosphere and
produce a moderate warming (∼100 K). In all cases,
the photosphere goes up with the presence of clouds.
This trend is due to the increase of atmospheric opac-
ity by clouds. In addition, the maximal photosphere
temperature (i.e. at the bottom of the photosphere)
decreases while the minimal photosphere temperature
(i.e. at top of the photosphere) increases.
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Fig. 8.— Temperature profiles with (orange) and
without clouds (blue) computed for log(g)=5 and
Teff=700, 900, 1300 and 1600 K. Here, we used
the cloud model with simple microphysics, with iron
and silicate clouds, and also sulfide/salt clouds for
Teff=700 K. We assumed a supersaturation S=0.01.
The thick curves represent the photosphere computed
for wavelengths between 0.6 and 5 µm.
3.1.2. Atmospheric composition
We can expect that the strong warming produced
by clouds impacts atmospheric composition by shift-
ing chemical equilibria. A warming should shift CO-
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CH4 equilibrium toward CO and N2-NH3 toward N2.
Indeed, Figure 20 in the Appendix and Figure 9 show
a decrease of the abundances of CH4 and NH3 with the
presence of clouds. This effect is particularly strong
concerning CH4 for Teff >1200 K, corresponding to
L dwarfs with thick iron and silicate clouds. We
found that the effect is even stronger for low grav-
ity, since silicate and iron clouds are optically thicker
and disappear at lower temperature. For Teff=1300
K, the presence of clouds reduces CH4 abundance
by a factor of 2.5 for log(g)=5 and by a factor of
10 for log(g)=4. According to Figure 9, the impact
of gravity on non-equilibrium chemistry remains the
dominant effect leading to methane depletion for low-
gravity objects. The presence of clouds tends to sig-
nificantly enhance this effect. Our model therefore
predicts a strong methane depletion for cloudy low-
gravity objects compared to field brown dwarfs of
similar Teff . This may help to explain the appar-
ent methane depletion for the young giant exoplanets
2M1207b and HR8799bcd (Currie et al. 2011; Bar-
man et al. 2011a,b; Konopacky et al. 2013), with ef-
fective temperature ∼1000-1200, while brown dwarfs
of similar temperature show strong methane bands.
For NH3, the depletion caused by clouds is moderate,
generally a factor of 2-3 for low and high gravity (see
Figure 20 in the Appendix). Finally, with radiatively
active clouds, the disappearance of TiO, VO, atomic
Na and K (through respectively TiO, VO and Na2S
condensation and KCl formation) occurs higher in the
atmosphere.
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Fig. 9.— CH4 mixing ratio in the upper atmosphere
as a function of effective temperature for log(g)= 5
(solid line) and log(g)=4 (dashed line) without (red)
or with clouds (blue), computed with non-equilibrium
chemistry. The black line indicate the upper CH4
abundance retrieved by Konopacky et al. (2013) for
HR8799c.
3.1.3. Spectra
Figure 10 shows the effect of clouds on emis-
sion spectra (left panels) and brightness temperatures
(right panels) from 0.5 to 5 µm, using Exo-REM
with fixed fsed (from 1 to 7), and for log(g)=5 and
Teff=1300 K. When clouds are included, thermal
emission flux from atmospheric spectral windows at
short wavelengths is reduced, while thermal emission
at long wavelengths or from atmospheric bands is in-
creased. In addition, variations of the brightness tem-
perature with wavelength are reduced, as expected
according to the change of the photosphere extension
(see previous paragraph).
With fsed=1, clouds are optically thick. The spec-
trum becomes very close to a blackbody, and the
brightness temperature is almost constant and equal
to 1300 K. For fsed=1, the brightness temperature
slightly decreases with wavelength. The object would
thus appear even redder than a blackbody at 1300 K.
This is due to Mie scattering and to the iron imagi-
nary optical index, which make cloud optically thicker
at short wavelengths.
Figure 11 is similar to Figure 10, but with the
simple microphysics and for Teff=700, 900, 1300
and 1600 K. Simulations were performed with Fe and
Mg2SiO4 clouds at all temperatures and also Na2S
and KCl clouds for the coldest case (Teff=700 K).
As for the thermal structure (Figure 8), the effect
of clouds is maximal for L dwarfs (i.e. Teff=1300-
1600 K). For the case at 700 K, we also included
a simulation assuming chemical equilibrium and
with no cloud. For this effective temperature, the
presence/absence of silicate and iron clouds has
a lower impact on spectra than chemical equilib-
rium/disequilibrium. In particular, the CO abun-
dance in the photosphere is increased by a factor of
105 when chemical disequilibrium is taken into ac-
count, leading to a strong reduction of the emitted
flux at ∼4.5 µm.
CH4 has strong absorption bands at 1.7, 2.3 and
3.3 µm. The methane depletion due to cloud green-
house effect and described in the previous section, is
noticeable in spectra and brightness temperature with
Teff>1100 K in Figures 10 and 11. The increase of
the cloud thickness (by a lower fsed or a lower super-
saturation S) leads to a decrease of the CH4 absorp-
tion band depth compared to the surrounding water
bands. In addition, the depth of the K line at 0.75 µm
increases relatively to other absorption bands with the
presence of clouds. Figure 12 illustrates the stronger
methane depletion for cloudy atmospheres with low
surface gravity.
3.1.4. Case of inhomogeneous cloud cover
Our model is 1D and simulate a homogeneous
atmospheric column. In order to simulate patchy
clouds, we included the parametrisation from Mar-
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Fig. 10.— Emission spectra (left) and brightness temperature (right) computed for log(g)=5 and Teff=1300 K.
The cloudless case is shown in red. Cloudy cases are computed with fsed=1-5.
ley et al. (2010) and Morley et al. (2014). For such
cases, the atmosphere is supposed to possess a clear
part with no cloud, and a cloudy part, correspond-
ing to a surface fraction f . We also assume that the
thermal structure is the same in both parts, meaning
that the horizontal heat redistribution is very efficient.
For each iteration, we run radiative transfer for both
atmospheric columns and compute flux for the clear
part (Fclear) and for the cloudy part (Fclear). The
total flux is then:
Ftotal = (1− f )Fclear + f Fcloudy (16)
The top panel in Figure 13 shows the effect of in-
creasing the cloud cover, which is similar to making
clouds optically thicker. The emission spectrum pro-
gressively passes from that of a cloud-free atmosphere
to a fully cloudy atmosphere. The bottom panel in
Figure 13 shows spectra with a fully cloudy atmo-
sphere with thin clouds (f=1 and S=0.1) compared
to a partially cloudy atmosphere with thicker clouds
(f=0.9 and S=0.01). These spectra are almost identi-
cal (there is just a small difference in H band) leading
to potentially degenerated fitting solutions.
For objects covered by water clouds as Y dwarfs,
we found that an inhomogeneous cloud cover gener-
ally is necessary to allow model convergence (see also
Morley et al. 2014). Water clouds can be extremely
opaque for Teff<400 K and all surface gravity, pro-
ducing strong warming and triggering numerical in-
stabilities. A 50%-cloud cover generally is sufficient
to avoid such instabilities.
3.2. Comparison with brown dwarf photome-
try
In this section, we compare our cloud models to
photometric observations of brown dwarfs and young
giant exoplanets, to investigate 1) the L-T transi-
tion, 2) the apparent reddening of exoplanets and low-
gravity brown dwarfs and 3) colors of T dwarfs.
For studying the evolution of colors and magni-
tudes of brown dwarfs and exoplanets, we produced
grids of spectra with Exo-REM, in effective tem-
perature (Teff=400-2000 K, step=100 K), gravity
(log(g)=3-5, step=0.1) and metallicity (M=-0.5, 0,
+0.5; in log scale). We used the three options for
cloud modelling (fixed fsed, fixed radius and simple
microphysics). From these spectra, we computed col-
ors in bands J, H and K (MKO filters). We derived
the absolute magnitude in J band using radii of brown
dwarfs from the Ames-Dusty evolutionary model. We
interpolated the points from Ames-Dusty grid into our
temperature-gravity grid. For our range of tempera-
ture and gravity, the radius is ∼1 RJ excepted for ob-
jects with high temperature and low gravity, for which
it can exceed 4 RJ . The choice of the evolution model
has a relatively small impact in a color-magnitude di-
agram. For brown dwarfs, we found very similar re-
sults using Ames-Dusty, Ames-Cond and power-law
relations from Burrows et al. (2001). Evolution mod-
els have discrepancies mostly for young giant planets,
but these uncertainties should not modify our conclu-
sions.
In the next three sections, we only consider the ef-
fect of iron and silicate clouds with 100% cloud cover-
ing and use the three options for computing the cloud
particle radii. We discuss the effect of sulfide and
salt clouds with inhomogeneous cloud cover in section
3.2.4 for T dwarfs.
3.2.1. Fixed radius
Figure 14 shows color-magnitude diagrams in J
magnitude and J-K color assuming fixed values of par-
ticle radius. The left panel shows the effect of radius
for log(g)=5 and the right panel the effect of log(g)
for r=30 µm. The photometric curves are extremely
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Fig. 11.— Emission spectra (left) and brightness temperature (right) computed for log(g)=5 and Teff=700, 900,
1300 and 1600 K from top to bottom. For each effective temperature, the cloudless case is shown in red. Here, we
used the cloud model with simple microphysics, with iron and silicate clouds and a supersaturation S=0.1, 0.01 and
0.001. For top panels (Teff=700 K), the case with Na2S and KCl clouds is shown in blue.
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Fig. 12.— Brightness temperature computed for
log(g)=4 (dashed lines) 5 (solid lines) and Teff=1200
K. For each case, the cloudless case is shown in red and
the cloudy case is shown in blue. Here, we used the
cloud model with simple microphysics with S=0.01.
Methane bands are indicated with black lines.
sensitive to the value of particle radius (left panel).
The size of particles impacts both cloud vertical dis-
tribution and optical thickness. With large particles
(e.g. 30 µm), clouds are optically thin and colors
are close to the cloudless case. With smaller parti-
cles, the branch of M and L dwarfs can be well repro-
duced and the colors of HR8799cde can be reproduced
with 3 micron particles. For log(g)=4, the colors of
HR8799bcde and 2M1207b can be reproduced with
10-20 micron particles. These particle sizes are lower
than in the model of Madhusudhan et al. (2011) who
obtained a best fit with particle size of 60 µm, but
this model does not solve cloud vertical distribution
self-consistently. The colors of brown dwarfs at the
L-T transition are reproduced with 6 µm particles for
log(g)=5 (left panel) and with 30 µm particles for
log(g)=4 (right panel). The model produces a sharp
L-T transition, which is partly due to the evolution of
the convective region. Indeed, the vertical extent of
the convective region decreases when Teff is reduced,
passing below the photosphere at Teff∼1200 K for
log(g)=5 and at Teff∼1100 K for log(g)=4, similarly
to the silicate condensation level. This evolution of
the vertical mixing enhances the L-T transition for
such a cloud parametrization. When the size of parti-
cle is fixed equal to 30 µm (right panel of Figure 14),
a lower surface gravity leads to redder colors, consis-
tent with observations of directly imaged exoplanets.
With this cloud model, colors are extremely sensitive
to gravity/particle size. Moreover, one single value of
particle radius cannot reproduce both brown dwarfs
and exoplanets, meaning that the size of cloud parti-
cle should depend on gravity and potentially also on
effective temperature.
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Fig. 13.— Emission spectra with cloud cover from 0 to
100% (parameter f), for log(g)=5 and Teff=1300 K.
We used the cloud model with simple microphysics,
with iron and silicate clouds and a supersaturation
S=0.01 in the top panel. In the bottom panel, we
used S=0.1 with 100% cloud cover and S=0.01 with
90% cloud cover.
3.2.2. Fixed fsed
Figure 15 shows color-magnitude diagrams in J
magnitude and J-K color assuming a fixed value of
fsed. The left panel shows the effect of fsed for
log(g)=5 and the right panel the effect of log(g) for
fsed=5. With fsed=3 and log(g)=5, the model re-
produces the colors of most L dwarfs, including very
red L dwarfs, but the L-T transition is delayed and
the model does not reproduce the photometry of T
dwarfs. With a larger fsed, the L-T transition is sharp
and occurs at a lower effective temperature. In par-
ticular with fsed=7, the L-T transition is well repro-
duced but the color is too blue for mid- and early-L
dwarfs. This may suggest that fsed increases as brown
dwarfs cool from early-L to early-T dwarfs (Saumon
& Marley 2008). Another possible explanation is that
some absorbing species and condensates are missing
for high temperatures, such as FeH gas and Al2O3
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Fig. 14.— Same format as Figure 1 with fixed radius. For the left panel, curves are computed with Exo-REM, with
log(g)=5 and particle radii equal to 3, 6, 10, 20 and 30 microns. For the right panel, curves are computed with 30
micron particle radii and log(g)=5, 4.5, 4, 3.5. M=[Fe/H] is the metallicity (in log scale). M=0 corresponds to the
solar metallicity.
clouds. Most cloud-free models converge toward J-
K=1 at 2000 K (see for instance Marley et al. (2010))
while our cloud-free model only reaches J-K=0. This
strongly suggests that some opacity sources are miss-
ing in our model. Correcting this issue may allow
us to match colors of early-L to early-T dwarfs with
the same value of fsed. For a given fsed, our model
produces clouds optically thicker than the model by
Saumon & Marley (2008) and Marley et al. (2010).
This is certainly due to our parametization for Kzz,
which gives values typically one order of magnitude
lower than in Ackerman & Marley (2001). For a given
fsed, a lower value of Kzz leads to smaller particles
and consequently to optically thicker clouds. We thus
need a higher fsed than Marley et al. (2010) to repro-
duce the photometry and spectra of L dwarfs. In that
case, clouds are less extended, leading to a sharper
L-T transition.
When fsed is fixed equal to 5 (right panel in Figure
15), changing surface gravity has a relatively modest
effect on photometry. However, for objects at the L-
T transition, a lower surface gravity produces a shift
towards blue color. In the convective region, the ver-
tical mixing velocity (i.e. Kzz/H) is roughly indepen-
dent of gravity. This implies that for a fixed fsed, the
particle sedimentation speed is almost independent of
gravity as well. In that case, we have approximately
rcloud ∝
(
Kzz
gH
)−1/2
∝ g−1/2 and the cloud optical
depth τcloud ∝ √g (Marley et al. 2012). A decrease in
surface gravity thus leads to slightly thinner clouds.
This effect is reinforced with our Kzz parametrization
by the fact that, as gravity is decreasing, the top of
the convective zone moves upward more rapidly than
the condensation level of silicate clouds (see Figure 2).
In addition, in our parametrization for Kzz, the scale
height of mixing by overshoot above the convective re-
gion varies with gravity as g−1/2 (see Ludwig (2003)
and Figure 3). Therefore Kzz/H increases when sur-
face gravity is reduced at the level of condensation,
making cloud particles larger and consequently clouds
optically thinner. This gravity trend is opposed to
observations that suggest a reddening for low-gravity
objects. One single value of fsed cannot thus repro-
duce both brown dwarfs and exoplanets.
3.2.3. Simple microphysics
The two previous parametrizations correspond to
limit cases for the vertical size distribution of cloud
particles: 1) when there is no evolution at all (fixed
radius) and 2) when there is a very efficient size evo-
lution with altitude (fixed fsed). Fixed radii seem to
better reproduce the variation with temperature (i.e.
sharp L-T transition) and with gravity (reddening for
low surface gravity). This suggests that the size of
particles does not vary much with altitude, in order
to capture the effect due to the transition between
the convective region and the radiative region. Since
the parametrization with fixed radii is too sensitive
to gravity, it also suggests that the size of particles
should increase for lower gravity, but not as efficiently
as with fixed fsed. We developed the parametriza-
tion with simple microphysics in order that it may be-
have as an intermediate case between the two previous
ones. With this parametrization, the size of particles
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Fig. 15.— Same format as Figure 1 with fixed fsed. For the left panel, curves are computed with Exo-REM, with
log(g)=5 and fsed=3 (red line), fsed=5 (orange line) and fsed=7 (yellow line). For the right panel, curves are
computed with fsed=5 and log(g)=5 (light blue line), 4.5 (green line), 4 (yellow line), 3.5 (orange line) and 3 (red
line).
does not evolve much above the level of condensation,
making the cloud mass distribution sensitive to verti-
cal mixing and to the extent of the convective region.
In addition, the size of particles varies approximately
as rcloud ∝ g−1/2 when condensation growth is limited
by sedimentation, and as rcloud ∝
(
gKzzH
)−1/2
when
condensation growth is limited by vertical mixing. A
decrease in surface gravity thus leads to large parti-
cles, but the dependence with Kzz is either null or
reverse compared to the case with fixed fsed, making
clouds vertically more extended and optically thicker
for low gravity.
Figure 16 shows color-magnitude diagrams in J
magnitude and J-K or J-H colors, using supersatu-
ration values of 0.1, 0.01 and 0.003, with 0.3, 1 or 3
× solar metallicity. For all cases, there is a sharp L-T
transition, a reddening and a delayed transition for
low-gravity objects. As in the previous section, colors
are too blue for high effective temperatures, proba-
bly due to missing clouds and absorbing gas. For
low gravity, colors of L dwarfs are significantly shifted
toward red, which is consistent with observations of
young objects. Decreasing the value of supersatura-
tion leads to redder colors (see the middle panels in
Figure 16). However, the supersaturation parameter
has a much weaker impact than the particle radius
and fsed in Figure 14 and 15. Field brown dwarfs are
well reproduced with S=0.01 and log(g)=4.5-5. For
this supersaturation value, HR8799bcde and 2M1207b
can be reproduced with log(g)=3-3.5, lower than ex-
pected. For S=0.003, their colors can however be re-
produced with log(g)=3.5-4, which is more compat-
ible with evolutionary models (Marley et al. 2012).
An enhanced metallicity tends to slightly shift curves
toward red (see bottom panels in Figure 16). For all
cases, photometry curves for high gravity (log(g)=4.5-
5) tend be be clustered in the branches of observed L
and T field dwarfs. Curves for low gravity (log(g)=3-
4) are more spread, implying more variations in the
colors of low-gravity objects.
3.2.4. T dwarfs
In the previous section, we discussed about the
photometry of L dwarfs and early-T dwarfs by in-
cluding only silicate and iron clouds, for solar metal-
licity. With these clouds, our model generally fails to
reproduce the J-K color of mid-T and late-T dwarfs.
Additional reddening is required. Sulfide and salt con-
densates are expected to form in the photosphere at
these temperatures (Morley et al. 2012). In partic-
ular, Na2S should be the dominant source of cloud
opacity for effective temperature between 800 K and
400 K. Cr and MnS could have optical thickness larger
than Na2S in the deep atmosphere, but they should
be dominated by silicate and iron clouds in this region
(Morley et al. 2012). We therefore neglected them
and considered only Na2S and KCl clouds, even if the
latter has quite a negligible effect. When we include
these clouds, the model with simple microphysics pro-
duces a too strong reddening even using S=0.1. We
succeed in matching T dwarf photometry by using an
inhomogeneous cloud cover of around 50% for Na2S
and KCl clouds (see Figure 17). Morley et al. (2012)
also had to reduce the cloud thickness of sulfide clouds
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Fig. 16.— Same format as Figure 1 with microphysical model . For top panels, curves are computed with Exo-REM,
with a supersaturation S=0.01 and log(g)=3.5, 4, 4.5, 5. The top left panel is with J-K colors and the top right
panel is with J-H colors. Middle panels show J-K colors with S=0.1 (left) and S=0.003 (right). Bottom panels show
J-K colors with S=0.01 and 0.3×solar (M=-0.5, left) and 3×solar (M=0.5, right) metallicity.
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(using fsed=5 for sulfide clouds instead of fsed=3 for
iron and silicate clouds) to match T dwarf photome-
try. This suggests either a sodium depletion, a con-
densation growth more efficient than expected from
our formula (maybe due to a weaker vertical mixing),
or an inhomogeneous sulfide cloud cover. We remark
that sulfide clouds have a much stronger effect for low
gravity. For log(g)=4, sulfide clouds produce a notice-
able effect for Teff < 1000 K, while this only occurs
for Teff < 800 K for log(g)=5. The formation of sul-
fide clouds occurs in parallel to the disappearance of
iron and silicate clouds for low-gravity objects mak-
ing the L-T transition less sharp in that case. We also
remark that a 3×solar metallicity with no cloud can
match the photometry of several T dwarfs (see the
bottom right panel in Figure 16).
3.3. Comparison with brown dwarf spectra
After having validated the cloud model with the
photometry of brown dwarfs and exoplanets, we com-
pared the model to spectra of well-characterized
brown dwarfs. We chose one late-L dwarf (Denis-
P J0255) and two T dwarfs (HN Peg b and HD 3651
b) to cover the L-T transition. The observed spectra
are shown in red in Figure 18 while simulated spectra
are in blue. For all models, we used the cloud scheme
with simple microphysics (S=0.01) and the formation
of iron, silicate and sulfide clouds. The comparison
(detailed below) is globally satisfying and derived pa-
rameters are consistent with evolutionary models. For
this spectral fitting, we only changed surface gravity,
radius, effective temperature and cloud cover, when
needed. Despite this relatively small number of free
parameters, the model can match observations of very
different objects and appears suitable for atmospheric
retrievals.
3.3.1. Denis-P J0255
Denis-P J0255 is a typical late-L dwarf at a dis-
tance of 4.97 pc. The top panel in Figure 18 shows
its SpeX Prism spectrum from Cushing et al. (2005),
corresponding to spectral type L8. The best fit is ob-
tained for Teff=1350 K, log(g)=5.0, [M/H]=0.0 and
R=0.86 RJ . These results are similar to Tremblin
et al. (2016) who obtained a best fit with Teff=1400
K, log(g)=5, [M/H]=0.0 and R=0.76 RJ , using the
cloud-free model ATMO.
3.3.2. HN Peg b
HN Peg b is a T dwarf companion at a distance
of 18.4 pc discoverd by Luhman et al. (2007). The
middle panel in Figure 18 shows its SpeX Prism spec-
trum from Luhman et al. (2007), corresponding to
spectral type T2. The age of its host star is esti-
mated in the range 0.2-0.5 Gyr, younger than typi-
cal field brown dwarfs. Near-IR photometric observa-
tions with SpeX gives absolute magnitudes of 14.54
in J band and 13.80 in K band (MKO filters). Our
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Fig. 17.— Same data as Figure 1 with microphysical
model including sulfide and salt clouds. Cloudy cases
are computed with log(g)=5, 4.5 and 4 from top to
bottom, with a supersaturation S=0.01 for iron and
silicate clouds and S=0.1 for sulfide and salt clouds.
For sulfide and salt clouds, we use a cloud cover of 0,
50 and 100 % (dotted, dashed and solid red lines).
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Fig. 18.— Spectra of Denis-P J0255 (top), HN Peg b
(middle) and HD 3651 b (bottom). Red lines corre-
spond to observations and blue lines to the best fits
from Exo-REM.
model with simple microphysics is slightly too cloudy
in that case and we have to use inhomogeneous cloud
cover to match the photometry or the spectrum. Do-
ing so, the best fits are obtained with Teff=1100 K,
log(g)=4.7, [M/H]=0, R=0.99 RJ and a cloud fraction
of 90 %. These parameters compatible with evolution-
ary model by Baraffe et al. (2003) and Burrows et al.
(1997), which predict Teff=1130 ±70 K and R=1.08
±0.06 RJ for a 0.5 Gyr old T dwarf (see Figure 10 in
Luhman et al. (2007)). Our model produces slightly
too much emission in H band and not enough in K
band.
3.3.3. HD 3651 b
HD 3651 b is another T dwarf companion at a dis-
tance of 11.0 pc discovered by Luhman et al. (2007).
The bottom panel in Figure 18 shows its SpeX Prism
spectrum from Burgasser (2007), corresponding to
spectral type T8. The age of its host star is poorly
constrained and estimated in the range 2-12 Gyr.
Near-IR photometric observations with SpeX gives
absolute magnitudes of 15.95 in J band and 16.66 in
K band (Luhman et al. 2007). To match the spectrum
of this object, we need to reduce the cloud cover as for
the photometry of T dwarfs. In that case, the best fit
is obtained for Teff=800 K, log(g)=4.5, [M/H]=0.0
and R=0.82 RJ and a sulfide cloud fraction of 25 %.
These parameters are compatible with evolutionary
models which predict Teff=810 ±50 K and R=0.82
±0.06 RJ (see Figure 10 in Luhman et al. (2007)).
4. Summary and Discussion
We developed a new cloud model for Exo-REM,
which simulates the formation of silicate, iron, sul-
fide, alkali salt and water clouds. The cloud distribu-
tion is computed taking into account sedimentation
and vertical mixing with realistic Kzz profiles based
on the mixing length theory. By using first fixed par-
ticle radii, we found that the photometry of brown
dwarfs and directly imaged exoplanets can be repro-
duced only if the size of cloud particles decreases with
gravity, implying a feedback by microphysics. By us-
ing the parametrization with fsed, we found that a
sharp L-T transition can be obtained with high val-
ues of fsed (i.e. 5-7) but that the size of particles
decreases too rapidly with gravity, leading to redden-
ing for high gravity, contrary to observations. The
model with simple microphysics is intermediate be-
tween these two options and solves these issues. It
reproduces well the photometry and spectra of brown
dwarfs and young giant exoplanets, in particular the
L-T transition and the reddening of low-gravity ob-
jects.
This self-consistent model with simple micro-
physics also has a high potential for observational
predictions. We found that photometry curves for
high gravity are clustered in the branches of observed
L and T field dwarfs. But they are more spread for
low gravity. This implies more variations for colors
of young brown dwarfs and young giant exoplanets.
Based on these curves, we also predict the existence
of a continuum of low-gravity objects in the appar-
ent gap right to the T dwarf branch, corresponding to
magnitude J=15-18 and J-K=0-3. Such objects would
have effective temperature around 700-900 K. In this
region, colors vary strongly with gravity and effective
temperature (J-K decreases from ∼2 to ∼0 for Teff
decreasing from 1000 K to 700 K, for log(g)=3.5 and
S=0.01). Therefore the exoplanet population should
not be dense in this region of the color-magnitude di-
agram, and we will probably detect only a few objects
there. The exoplanet 51 Eri b may be the first of this
kind.
We revealed a strong feedback caused by the green-
house effect of clouds on the chemistry, leading to a
decrease of the methane abundance for cloudy objects.
The effect is particularly strong before the L-T tran-
sition and for low-gravity objects. It contributes sig-
nificantly to the observed methane depletion in low-
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gravity objects, such as 2M1207b and HR8799bcd.
This feedback is a fundamental consequence of cloud
formation. It implies a strong correlation between col-
ors and the CH4/CO ratio, which help to explain the
sudden appearance of strong methane bands at the
L-T transition as clouds disappear. Cloudless models
lead to a smoother variation of the CH4/CO ratio with
effective temperature than we predict. In particular,
the model by Tremblin et al. (2016) predicts a cooling
of the deep atmosphere by the triggering of fingering
convection, opposite to the effect of clouds. For an
effective temperature of 1400 K, we predict a temper-
ature around 3000 K at 100 bars, while Tremblin et al.
(2016) predict a temperature around 2000 K. Such a
large temperature difference should have implications
for the chemical composition and the radius of the
object. A statistical analysis of the chemical compo-
sition of brown dwarfs may reveal which mechanism
dominates.
We also noticed that the top of the convective re-
gion passes below the photosphere at the L-T transi-
tion. This leads to a decrease of the vertical mixing
in the cloud forming region and so to a decrease of
the cloud optical thickness when using fixed particle
radii or microphysics. To our knowledge, this effect
has not been discussed before. In our numerical sim-
ulation, the evolution of the convective region exten-
sion makes the L-T transition slightly steeper but it
is not critical for producing the L-T transition, which
remains controlled by the evolution of the condensa-
tion level. The evolution of the L-T transition with
gravity is linked to changes of vertical mixing, par-
ticularly the extension of the convective region and
the mixing by convective overshoot. 2D or 3D simu-
lations of convection and mixing, similar as the work
by Freytag et al. (2010), are required to validate our
parametrization for Kzz in this regime. An other limi-
tation in our modelling is that we use the eddy mixing
coefficient from cloud-free simulations, to avoid nu-
merical instabilities. Cloud warming should stabilize
the atmosphere below the cloud deck and should trig-
ger convection inside and above the cloud deck. Such
a feedback should impact the cloud vertical structure
and potentially the L-T transition. If the cloud warm-
ing tends to increase vertical mixing, we could expect
a steeper L-T transition than simulated here. 2D-
3D simulations including the radiative effect of clouds
are needed to analyse these cloud feedbacks and to
parametrize more precisely the vertical mixing.
Finally, this work suggests that microphysics and
vertical mixing play important roles in the L-T transi-
tion for brown dwarfs and exoplanets. A cloud model
taking into account these elements can produce a L-T
transition without requiring other physical effects.
5. Perspectives
The natural next step is to apply this new cloud
model to observations of young exoplanets and brown
dwarfs imaged by instruments like SPHERE and GPI,
as well as JWST in the near futur. It has already
been applied to three objects discovered by SPHERE:
HIP65426b (Chauvin et al. 2017), HD206893b (De-
lorme et al. 2017) and HR2562b (Mesa et al. 2017).
The J-K colors for these objects are represented in
Figure 1. The spectra of HIP65426b and HD206893b
were successfully reproduced with the fsed parame-
ter (the parametrization with microphysics was devel-
oped later). They require low values of fsed suggesting
the presence of thick clouds. It will be interesting to
fit these spectra with grids computed with the simple
microphysics model to improve the estimation of the
gravity and radius of these objects. For HR2562b,
we used the grid computed with the simple micro-
physics (S=0.01) and found that the spectrum can be
matched with only three free parameters (i.e. gravity,
effective temperature and radius) as in the previous
section.
Many brown dwarfs, in particular at the L-T transi-
tion, show temporal variability in near-IR, interpreted
as the presence of inhomogeneous cloud covers com-
bined with fast rotation rates. These longitudinal in-
homogeneities in the cloud cover could be produced by
atmospheric waves (e.g. gravity waves and planetary
waves), cloud convection triggered by cloud radiative
heating (Freytag et al. 2010), latent heat release (Tan
& Showman 2017) or other physical processes. Infor-
mation about the horizontal and vertical cloud distri-
bution can be obtained by analysing this variability at
different wavelengths. Our cloud model with inhomo-
geneous cloud cover and various options for modelling
clouds is well suited to test hypotheses for the brown
dwarf variability.
Finally, the self-consistent cloud model that we
developed is very generic and other condensates can
easily been added, in particular NH3 and NH4HS for
cold exoplanets. A future development will be to in-
clude stellar heating and to compute reflected spectra.
Grids of reflected spectra for cloudy giant exoplanets
would be very useful to predict and to interpret ob-
servations by future planet imager telescopes such as
WFIRST or for luminosity curves of close-in planets.
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A. Saturation vapour pressures
Monatomic Fe gas is the dominant Fe-bearing gas for L dwarfs and iron condensation occurs via:
Fe = Fe(s, l) (A1)
Condensed iron generally is liquid for brown dwarfs (iron melts at 1809 K). The equilibrium saturation vapour
pressure of Fe (p′Fe, in bar) as a function of temperature (T , in K) is approximated by (Visscher et al. 2010):
log(p′Fe) ≈ 7.23− 20995/T (A2)
Monoatomic Mg is the most abundant Mg-bearing and condenses as forsterite (Mg2SiO4) and enstatite (MgSiO3)
via the net thermochemical reactions:
2Mg + 3H2O + SiO = Mg2SiO4(s, l) + 3H2 (A3)
Mg + 2H2O + SiO = MgSiO3(s, l) + 2H2 (A4)
Enstatite forms at a slightly lower temperature. For simplicity, we assumed Mg only condenses as forsterite and
its saturation vapour pressure (p′Mg) as a function of temperature and metallicity ([Fe/H]) is approximated by
(Visscher et al. 2010):
log(p′Mg) ≈ 11.83− 27250/T − [Fe/H] (A5)
Monoatomic Na is the most abundant Na-bearing gas and condenses as Na2S via the net thermochemical reaction:
H2S + 2Na = Na2S(s) + H2 (A6)
Na saturation vapour pressure (p′Na) is approximated by (Visscher et al. 2006):
log(p′Na) ≈ 8.550− 13889/T − 0.50[Fe/H] (A7)
For T dwarfs, KCl is the most abundant K-bearing gas and condenses via the net thermochemical reaction:
KCl = KCl(s) (A8)
KCl saturation vapour pressure (p′KCl) is approximated by (Morley et al. 2012):
log(p′KCl) ≈ 7.611− 11382/T (A9)
For Y dwarfs, H2O condenses as water ice clouds and the saturation water vapour pressure (p
′
H2O
) is approximated
by:
log(p′H2O) ≈ 7.6116− 2694.96/T + 3040.1/T 2 (A10)
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Fig. 19.— Atmospheric abundance profiles computed with Exo-REM. The panels show the mixing ratio (in mol/mol)
of H2O, CO, CH4, Na, K, NH3, TiO, VO, CO2 and PH3 assuming chemical equilibrium (dashed lines) or dise-
quilibrium (solid lines). Left panels correspond to log(g)=4 and right panels correspond to log(g)=5. Effective
temperature is 700, 900, 1300 and 1600 K from top to bottom panels.
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Fig. 20.— Same as Figure 19 but dashed lines correspond to cloudy atmospheres computed with simple micro-
physics (S=0.01) and solid lines correspond to cloud-free atmospheres. All cases were computed with chemical
disequilibrium.
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